, are found only in nutritionally limited diploid cells expressing all four mating-type genes (McLeod et al., 1987) . These experiments suggest that signal transducIntroduction tion pathways regulating meiosis converge to regulate expression of mei3 ϩ , which activates meiosis through Protein kinases are an established component of eukarinhibition of ran1 ϩ . yotic signal transduction pathways that govern mitotic
The immediate target or targets of ran1 ϩ have not cell division and differentiation. A fundamental concept been identified. Studies using ran1-114 thermolabile of protein kinase action is the regulation of catalytic cells grown at a semipermissive temperature suggest activity in response to both intracellular and extracellular that inactivation of ran1 ϩ most likely provokes expressignals. Sexual differentiation in fission yeast is an elabsion of meiotic specific genes (Nielsen and Egel, 1990 ; orate developmental program during which G 1 arrest, Willer et al., 1995;  see Figure 1 ). Genetic analyses have conjugation, premeiotic DNA synthesis, meiosis, and established an epistatic relationship between members sporulation are coordinated. Accurate execution of the of a set of meiotic specific genes. These include ste11 ϩ , entire process requires integration of both nutritional the four mating-type genes, and mei3 ϩ . Expression of and mating-type signal transduction pathways and the each is regulated by nutritional limitation, and all appear regulated activity of ran1 ϩ (also known as pat1 ϩ ) kinase. to function in a cascading circuit. The ste11 ϩ transcripLimitation of nutrients causes fission yeast cells to exit tion factor functions closest to ran1 ϩ . ste11 ϩ encodes the mitotic cell cycle from either G 1 or G 2 into stationary a 62 kDa protein with homology to the high mobility phase (Costello et al., 1986) . Alternatively, if cells of group (HMG) family of DNA-binding proteins. ste11 ϩ opposite mating-type (referred to as "plus " and "minus") binds to a specific sequence, the TR box, found upare accessible to one another, conjugation occurs, restream of the genes it regulates, including itself. This, sulting in the formation of a diploid zygote competent and the observation that no transcription of ste11 ϩ is to undergo meiosis (Leupold, 1970; Egel, 1973; observed in cells containing a loss-of-function ste11 Egel-Mitani, 1974) . Conjugation is limited to cells in the allele, indicate that the transcription factor directly pro-G 1 phase of the cell cycle. Both nutritional signals and vokes its own expression. Transcription of all four matmating-type gene expression, which regulates the proing-type genes is dependent on ste11 ϩ (Sugimoto et al., duction of mating pheromones and receptors, contrib-1991) . Of the four mating-type genes, two (matP c and ute to a transient G 1 arrest that promotes sexual differenmatP m ) are expressed in haploid "plus" cells and two tiation (Imai and Yamamoto, 1994; Davey and Nielsen, (matMc and matMm) in haploid "minus" cells. All four are 1994; for review see Nielsen, 1993) . expressed in meiotically competent diploid cells (Kelly Two conditions have been described that cause cells et al., 1988) . matM c and matP c are required for induction to bypass both the nutritional and mating-type requireof mating pheromones and pheromone receptors. The ments of meiosis and initiate the complete meiotic demating pheromone signaling system is essential for conjugation of haploid cells and for expression of the meivelopmental program: inactivation of ran1 ϩ kinase and
Results

Genetic
Interactions Between ran1 ؉ and ste11 ؉ Genetic studies have established that loss of ste11 ϩ suppresses meiotic catastrophe caused by inactivation of ran1 ϩ (Sipiczki, 1988; Sugimoto et al., 1991 uct is a limiting component in the meiotic pathway regulated by ran1 ϩ .
Having established that expression of ste11 ϩ reverses otic specific mating-type genes, matP m and matM m , in meiotic defects associated with unregulated ran1 ϩ kidiploid cells (Kelly et al., 1988; Willer et al., 1995) . matP m nase, we further investigated the biological effects of and matM m , either directly or indirectly, provoke trancoexpressing both proteins in cells. The cellular localizascription of the mei3 ϩ meiotic activator (McLeod et al., tion of HA-epitope-tagged ste11 ϩ (which encodes an 1987; Willer et al., 1995) . ste11 ϩ is also required for active protein) was examined using indirect immunofluexpression of meiotic specific genes that do not appear orescence. We observed that ste11 ϩ was localized prito function in the regulatory cascade described above marily in the nucleus. In contrast, nuclear accumulation (Sugimoto et al., 1991; Willer et al., 1995) . One of these, of ste11 ϩ was not observed when cells simultaneously mei2 ϩ , encodes an RNA-binding protein required for expressed high levels of ran1 ϩ kinase ( Figure 2B ). premeiotic DNA synthesis (Watanabe and Yamamoto, 1994) . In the genetic model described above, ϩ . The corresponding serine and threof arginine for lysine at amino acid position 47, the putaonine residues in each ste11-RKD are critical for ran1 ϩ -tive ATP-binding residue (McLeod and Beach, 1988) . dependent phosphorylation in vitro. Expression of mu-
The steady-state level of all fusion proteins was examtant versions of ste11 containing substitutions of both ined in an immunoblot using anti-HA antibodies (Figure amino acids with either alanine or aspartic acid causes 3A). This experiment verified that all three fusion proteins allele-specific phenotypes in yeast, indicating that phoswere intact and produced to approximately the same extent. All were also of the expected molecular mass, phorylation at those sites is physiologically significant. Figure 3B, lanes 1 and 3) . When immune complexes
The (HIS) 6 sequences were immediately followed by an were formed using extracts prepared from cells express-HA-epitope tag to permit subsequent immunological deing both HA-ran1 ϩ and HA-ste11 ϩ , massive phosphorytection. The polypeptide was present in bacterial lysates lation of a 62 kDa protein was observed ( Figure 3B, (A) Immunoblots of whole-cell lysates of the four strains described above. Blots were probed with 12CA5 monoclonal antibody. The positions of HA-p52 ran1 and HA-p62 ste11 are indicated with arrows. (B) Kinase assay using HA-tagged proteins immunoprecipitated from the four strains described above. Reaction products were separated on a 7.5%-15% gradient SDS-PAGE and processed for autoradiography. The positions of p52 ran1 , which is capable of autophosphorylation, and p62 ste11 are indicated with arrows. (C) In vitro kinase assays using recombinant p62 ste11 as a substrate. Reactions contained either recombinant p52 ran1 or recombinant inactive p52 K47R . Reaction mixes were incubated with [ 32 P]-ATP for 5 min and terminated using Laemmli sample buffer. The reaction products were separated on an SDS-PAGE and processed for autoradiography.
according to the following criterion. First, the polypepobserved. Phosphorylation of p39 ste11 was contingent on the presence of catalytically active p52 ran1 ( Figure 4A ). tides were affinity-purified using NTA-agarose, which interacts with the (HIS) 6 tag located at the amino-termiIn a time course experiment, two phosphorylated p39 ste11 molecular mass species were observed. The first accunus of the molecule. Secondly, both the full-length and truncated polypeptides react specifically with anti-HA mulated during the first 5 min of the reaction (labeled p39 in Figure 4A ), while the second (p39*), which was antibodies, indicating the presence of an intact aminoterminal HA-epitope tag (data not shown). Following indiscernibly more retarded than the first, became apparent 10 min after initiation of the reaction. This observacubation of p52 ran1 with renatured affinity-purified p62 ste11 and radioactive ATP, a 62 kDa polypeptide became tion suggests that p39 ste11 is phosphorylated by p52 ran1 on at least two sites. To investigate the nature of the highly phosphorylated by p52 ran1 but not by the inactive p52 K47R mutant protein ( Figure 3C ). In addition, incorposites, we isolated both species of phosphorylated p39 ste11 from the acrylamide gel and subjected them to ration of 32 P into many smaller molecular mass species was observed. As described above, these most likely phosphoamino acid analysis. This experiment revealed the presence of both phosphoserine and phosphothreorepresent carboxy-terminal truncated versions of the protein. Although polypeptides smaller than 21 kDa were nine ( Figure 4B ). To characterize further the phosphorylation of p39 ste11 present in the affinity-purified preparation, none became labeled with 32 P. This result suggests that no major ran1
, we determined the apparent K m of the reaction ( Figure 4C ). In these studies, the level of incorporation phosphorylation sites are present in the 21 kDa aminoterminal region of p62 ste11 .
of radioactive ATP into p39 and p39* was quantitated using a phosphoimager. Thus, the measurement reflects phosphorylation of both sites rather than of an individual Characterization of ste11 ؉ As a Substrate for ran1 ؉ site. The apparent Km calculated is 0.7 M. To confirm the identification of p62 as the product of the ste11 ϩ gene, a truncated version of ste11 was conmei3 Inhibits ran1 Substrate Phosphorylation Meiosis is initiated by inhibition of ran1 ϩ kinase. A variety structed to test as a substrate for ran1 ϩ . The truncated gene (encoding amino acid residues 77-331) was fused of studies support a model for meiotic differentiation in which ran1 ϩ is inactivated by the product of the mei3 ϩ to (HIS) 6 sequences for bacterial expression. The 39 kDa protein was abundantly produced in soluble form and gene. The identification of p62 ste11 as a substrate for p52 ran1 provided us with a means to determine if p21 mei3 was purified to near homogeneity using Ni 2ϩ -NTAagarose (P. L. and M. M., unpublished data). After incuwas capable of inhibiting p52 ran1 phosphorylation of p39 ste11 . Addition of p21 mei3 to kinase reactions in which bation of p39 ste11 with p52 ran1 and radioactive ATP, timedependent phosphorylation of a 39 kDa polypeptide was p39 ste11 was present at the K m concentration showed that . A plot of the initial reaction velocity (mol.min-1.mg-1) versus p39 ste11 concentration is shown. The initial reaction velocities were determined in a range that was linear with respect to time. Measurement of 32 P incorporation into p39 ste11 was quantitated using a PhosphoImager and is based on comparison with a [ 32 P]-ATP standard. Inset: a Lineweaver-Burke plot of the data. p21 mei3 inhibited phosphorylation of p39 ste11 with an IC 50 residues. Significantly, both RKD I and RKD II are located in the carboxy-terminal two-thirds of the polypeptide, value of 3.4 M ( Figure 5A ). To examine the nature of the inhibition, we constructed and analyzed several Dixon which appears to contain major in vitro ran1 ϩ phosphorylation sites (see Figure 4 ). These observations suggest plots for best fit to the data. A curve was generated based on the velocity of the reaction measured when that mei3 ϩ uses a pseudosubstrate mechanism for inhibition of ran1 ϩ . One prediction of the pseudosubstrate p21 mei3 was present at subsaturating amounts. The data were extrapolated to generate a theoretical curve based model is that the RKDs define a preferred ran1 ϩ phosphorylation site. This hypothesis was tested in the set on p21 mei3 inhibition of one ( Figure 5B ) or more ( Figure 5C ) independent p39 ste11 phosphorylation sites. This analysis of experiments described below. To identify residues critical for phosphorylation of predicts that p21 mei3 inhibits p39 ste11 at more than one site. ste11 ϩ by ran1 ϩ , we introduced specific mutations into ste11-RKD I and ste11-RKD II according to the following rationale. In vitro kinase assays revealed that p52 ran1 Identification of ran1 ؉ Substrate Specificity Determinants phosphorylated p39 ste11 on both serine and threonine residues (see Figure 4) . Thus, ste11 ϩ -RKD I and -RKD The above experiments establish that ste11 ϩ functions as a substrate for ran1 ϩ in vitro and that mei3 ϩ directly II each contain two amino acid residues capable of serving as phosphoacceptor residues (RKD I: Ser-171 and inhibits this reaction. Some kinases are regulated by autoinhibitory domains or regulatory subunits that bind Thr-173; RKD II: Thr-216 and Ser-218). The corresponding residues of mei3 ϩ are Thr-79 and Arg-81. Pseudothe kinase via specific sequences resembling a phosphorylation site (see Kemp and Pearson, 1991) . For insubstrate inhibitors are sometimes phosphorylated by the kinase they inhibit (Kemp and Pearson, 1991) . Howstance, the pseudosubstrate inhibitor of cAMP-dependent protein kinase, heat-stable protein kinase inhibitor, ever, our experiments suggest that p21 mei3 does not serve as a substrate for p52 ran1 (P. L. and M. M., unpubcontains sequences that mimic a preferred cAMPdependent protein kinase phosphorylation site (Cheng lished data) . Therefore, Arg-81 (mei3-RKD III) most likely corresponds to the phosphoacceptor residues Thr-173 et al., 1985; Scott et al., 1985) .
Comparison of the predicted amino acid sequence of (ste11-RKD I) and Ser-218 (ste11-RKD II). Site-specific mutagenesis was used to convert Thr-173 and Ser-218 mei3 ϩ with that of ste11 ϩ revealed distinct regions of homology between the two proteins. As shown in Figure  simultaneously to nonphosphorylatable aspartic acid residues. The polypeptide encoded by the mutant allele, 6, ste11 ϩ contains two domains (ste11-RKD I and ste11-RKD II) which are homologous to each other and to a p39 ste11T173D, S218D was produced in bacteria as a (HIS) 6 -tagged fusion protein and used in an in vitro kinase region of mei3 ϩ (mei3-RKD III). In particular, all three regions share a comparable number and pattern of basic assay. We observed no measurable incorporation of . The level of 32 P incorporated into p39 ste11 was quantitated using a PhosphoImager. The experiment was repeated three times to obtain a standard error. (B) Kinetic analysis of p21 mei3 inhibition of p52 ran1 substrate phosphorylation. A simple plot of data obtained in the above experiments. Inset: a Dixon plot in which a theoretical curve was generated based on data points obtained when recombinant p21 mei3 was present in subsaturating amounts. The curve is predicted to be linear in a reaction in which p21 mei3 inhibits one phosphorylation site in p39 ste11 in a mixed competitive and uncompetitive reaction. Solid circles correspond to data obtained in (A). (C) Dixon plot of theoretical curves based on p21 mei3 inhibition of two, three, or four sites in a mixed competitive and uncompetitive reaction. Solid circles correspond to data obtained in (A).
ATP into the substituted protein, even though an equivap52 ran1 and radioactive ATP. Under the reaction conditions employed, the apparent K m using p21 mei3R81S as sublent amount of p39 ste11 becomes highly phosphorylated by ran1 ϩ kinase in a parallel reaction ( Figure 7A ). This strate is 1.2 M ( Figure 7C ). This number is in good agreement with that determined for the p39 ste11 substrate experiment demonstrates that Thr-173 and Ser-218 are critical for phosphorylation of p39 ste11 by p52 ran1 in vitro.
(Km, 0.7 M). Thus, both p39 ste11 and p21 mei3R81S are nearly equally effective as substrates for ran1 ϩ . The 21 kDa A similar strategy was used to determine the effect of substituting the Arg-81 residue in mei3-RKD III with phosphoprotein was excised from the acrylamide gel and subjected to phosphoaminoacid analysis. This exserine. Oligonucleotide-directed mutagenesis was used to create mei3-R81S for expression in bacteria as a periment revealed that p21 mei3R81S was phosphorylated solely on serine ( Figure 7D phosphoacceptor residues. The functional significance genes in fission yeast. These include, but are not limited of this observation was tested in yeast. Our data indicate to, the mating-type genes, mei2 ϩ and ste11 ϩ itself (Sugithat ran1 ϩ inactivates ste11 ϩ (see Figure 2 ; P. L. and moto et al., 1991; see Figure 1 ). In those cases in which M. M., unpublished data). Thus, hyperphosphorylated it has been examined, meiotic specific gene expression ste11 ϩ (in terms of ran1 ϩ phosphorylation) is predicted is also regulated by inactivation of ran1 ϩ kinase (Nielsen to represent an attenuated form of the transcription facand Egel, 1990; Willer, et al., 1995) . ran1 ϩ performs a tor. A set of two mutant versions of ste11 was conpivotal function during meiotic differentiation. Poor nustructed. One was an allele in which both Thr-173 and tritional conditions lead to partial inactivation of ran1 . Moreover, those transtarget of the kinase as well. First, genetic experiments formants that gave rise to colonies displayed a distinct have shown that normal meiosis, as well as meiosis inhibition of colony size, suggesting severe retardation induced by loss of ran1 ϩ , requires ste11 ϩ (Sipiczki, 1988; of cell growth (Figure 8 ). This result is consistent with Sugimoto et al., 1991 A biochemical role for the interaction between ran1 ϩ ste11 ϩ , ste11 T173A, S218A , and ste11 T173D, S218D all gave rise and ste11 ϩ is provided by in vitro phosphorylation exto transformants with equal efficiency in h Ϫs cells, and periments. ste11 ϩ is efficiently phosphorylated by ran1 ϩ microcolonies were not observed (Figure 8) .
when the two proteins are partially purified by immunoprecipitation from yeast cell extracts. Evidence that the Discussion reaction occurs directly between ran1 ϩ and ste11 ϩ was obtained using purified recombinant proteins. The reacThe product of the ste11 ϩ gene is an HMG domain protein required for expression of many meiotic specific tion is most likely specific because ran1 ϩ is unable to ) and wild-type (Ste11) proteins were purified from bacteria as (HIS)6-tagged fusion proteins. The affinity-purified p39 proteins were added, as indicated, to in vitro kinase reactions containing either recombinant p52 ran1 or recombinant p52 K47R and [ 32 P]-ATP. Reactions were allowed to proceed for 5 min prior to termination using Laemmli sample buffer. The reaction products were separated on an SDS-polyacrylamide gel and processed for autoradiography. (B) Oligonucleotide-directed mutagenesis was used to alter Arg-81 (mei3-RKD III; see Figure 6 ) to a serine residue. Both the mutant (mei3 R81S ) and wild-type (WT) proteins were purified from bacteria as (HIS) 6 -tagged fusion proteins. The affinity-purified p21 proteins were added to in vitro kinase reactions containing either recombinant p52 ran1 or recombinant p52 K47R and [ 32 P]-ATP. Reactions were allowed to proceed for the indicated times prior to termination using Laemmli sample buffer. Samples were separated on an SDS-polyacrylamide gel and processed for autoradiography. The amount of label incorporated into p21 mei3 was quantitated using a PhosphoImager. R81S from (B). P-Ser, phosphoserine; P-Thr, phosphothreonine; P-Tyr, phosphotyrosine. ϩ functions as a meiotic activator, presumably by inhibiting ran1 ϩ kinase observed two forms of phosphorylated p39 ste11 , which migrate in different positions on an SDS-polyacrylamide activity. The present study reveals that mei3 ϩ directly inhibits ran1 ϩ substrate phosphorylation. The phosphogel, following in vitro phosphorylation. Furthermore, phosphorylation occurs on serine and threonine resitransferase activity of kinases regulated by autoinhibitory domains or polypeptide subunits often includes a dues. Examination of ste11 mutants provides a second line of evidence that these residues are critical for ran1 ϩ -pseudosubstrate mechanism. The primary sequence of the inhibitory peptide is related to the substrate consendependent phosphorylation. Mutagenesis of both Thr-173 and Ser-218 to aspartic acid residues results in a sus sequences but lacks a critical serine or threonine (for example, see Hardie and Hanks, 1995) . ste11 ϩ conprotein unable to function as an in vitro substrate of ran1 ϩ , in spite of the fact that the protein contains many tains two regions, RKD I and RKD II, which are homologous to each other and to a region of the mei3 ϩ inhibitor.
serine, threonine, and tyrosine residues. This directly establishes that Thr-173 and Ser-218 are required for This observation, along with the demonstration that several residues within the homology domain of mei3 ϩ are phosphorylation of p39 ste11 by p52 ran1
. A number of pseudosubstrate inhibitory domains have been identified on critical for its inhibitory function (A. Schettino and M. M., unpublished data), indicate that the regions of homology the basis of structural similarity to the substrate binding site of their enzyme (see Kemp and Pearson, 1991) . define a ran1 ϩ -binding domain. As a further test of the pseudosubstrate hypothesis, the residue in mei3 ϩ occuBased on these cases, it is reasonable to anticipate that Thr-173 and Ser-218 are the actual residues of ste11 ϩ pying the predicted phosphoacceptor position, Arg-81, was altered to serine. This single change transforms phosphorylated by ran1 ϩ . However, protein kinases do not always recognize a linear sequence but may require mei3 ϩ into a substrate for ran1 ϩ in vitro. Measurement of the apparent Km of this reaction (Km, 1.2 M) compares some element of secondary structure as a determinant of substrate specificity. Further direct evidence is refavorably with that measured using p39 ste11 as a substrate (Km, 0.7 M). These results strongly indicate that quired to substantiate the identification of ste11 ϩ residues phosphorylated by ran1 ϩ . mei3 ϩ functions as a pseudosubstrate inhibitor of ran1 ϩ and supports the identification of Arg-81 as the residue occupying the phosphoacceptor position. The correRole of ran1 ؉ Phosphorylation of ste11 ؉ HMG domain DNA-binding proteins function as regulasponding residues in ste11 ϩ are Thr-173 (RKD I) and Ser-218 (RKD II). We note that ste11 ϩ contains no other tors of transcription to effect specific developmental decisions. . This enables different sets of genes at the same time (Lehming et al., accumulation of an active form of the transcription factor 1994). HMG domain proteins are frequently regulated capable of promoting further expression of meiotic speby phosphorylation. One example is provided by HMG1 cific genes. from insect cells. The carboxy-terminal region of this
Experimental Procedures
protein is a substrate of protein kinase C in vitro and in vivo. Phosphorylation by protein kinase C delays trans-
Strains and Media
location of the protein to the nucleus and reduces its Schizosaccharomyces pombe strains were cultured in minimal meaffinity for DNA (Wisniewski et al., 1994) . dium (PMA) with the required amino acid supplements, as described
As has been observed with other HMG domain pro- activates PHO4 by causing its exclusion from the nu-TTTA3Ј. mei3R81Sp, 5ЈCATGAAACGCACTAAACGTGTTCGCCGA ACCC3Ј.
cleus (O'Neill et al., 1996) . Previous studies have shown that inactivation of ran1 ) and 40 M ATP. Reacchain reaction fragment from pSTE11.1 (a gift from Dr. Michael tions were terminated using 2 ϫ Laemmli sample buffer and sepaWigler) using the primers ste11.107p and ste11.112p. rated on a 7.5%-15% SDS-PAGE. The amount of radioactivity pSTE11.26. Contains HA-epitope-tagged ste11 ϩ as an NheI/ incorporated was determined using a PhosphoImager. The data BamHI fragment (see ste11.9) in a modified pET15-b (Novogen) E. were analyzed by nonlinear regression using the Enzfitter program.
coli expression vector. pET15b was modified by insertion of HA Data on initial velocity versus substrate concentration were fit to a epitope-coding sequences on an NdeI/BamHI cassette. The unique Michaelis-Menton equation and transformed into a LineweaverNheI site located within the HA epitope sequences was used for Burk double reciprocal plot.
insertion of HA ste11 ϩ . pSTE11.27. Contains ste11 ϩ as an NdeI/AvrII fragment in pET15b.
Yeast Whole-Cell Extracts
Thus, a truncated protein from amino acids 73-331 is produced. Cells were grown to a density of 1-2 ϫ 10 7 cells/ml in minimal pSTE11.33. Contains ste11 T173D, S218D as an NdeI/AvrII fragment in selective medium prior to preparation of soluble extract using glass pET15b. beads (Alfa et al., 1993 (McLeod et al., 1987) was used. Immunoreactive proteins ran1 ϩ O. P. cells (SP871) and wild-type cells (SP66) transformed with were visualized using the Dupont NEN Research Products chemilupSTE11.9 were grown in PMA to a density of 1 ϫ 10 7 cells/ml. Cells minescent kit.
were fixed and stained for immunofluorescence as described (Alfa et al., 1993) . Briefly, cells (100 ml) were fixed by addition of formaldeKinase Assays hyde to 10% and washed in PEM (100 mM PIPES, 1 mM EGTA, 1 Kinase assays utilizing recombinant p52 ran1 or p52 K47R were permM MgSO4). Following permeabilization using Lysing Enzyme (1 formed by incubating 25 l of bead-bound protein in a reaction mg/ml; Sigma) and Zymoylase (0.3 mg/ml; Kirin Brewery), cells were mixture containing 50 mM Tris-HCl (pH 7.5), 5 mM MgCl 2, 1 mM incubated with 50 l of preadsorbed 12CA5 monoclonal antibody EDTA, 0.2 mM dithiothreitol, 40 M 32 P-ATP (20,000 cpm/pmol). (BabCo) diluted 1:50 in PEMBAL (PEM containing 1% globulin-free Reactions were initiated by the addition of substrate and incubated bovine serum albumin, 0.1% Sodium Azide, and 0.1 M poly L-lysine) at 30ЊC for the indicated times. Reactions were terminated by the for 14 hr. Following extensive washes, cells were incubated with addition of an equal volume (40 l) of 2 ϫ Laemmli sample buffer. 100 l of secondary antibody (diluted 1:100 in PEMBAL) for 8 hr.
The cells were washed three times in PEMBAL and spread on a Phosphoamino acid Analysis glass slide. Antifade (1 l; 10 mg/ml p-phenylenediamine) and 1 l 32 P-labeled proteins were separated using SDS-PAGE and identified of DAPI (1 mg/ml 4',6-diamidino-2-phenylindole) were applied prior by autoradiography prior to excision from the gel. Phosphoamino to adding a coverslip. acid analysis was performed as described (Boyle et al., 1991) .
Immunopurification of Proteins from Yeast Plasmids
Cells were grown to a density of 1-2 ϫ 10 7 /ml and collected by All plasmids used for expression of genes in fission yeast were centrifugation. Whole-cell extract was prepared as described derived from plasmid pART3 (Kelly et al., 1988) . Briefly, pART3 is a (McLeod and Beach, 1988) . Immunoprecipitations were performed derivative of the phagemid pUC118. It contains the S. cerevisiae using 2 mg of soluble extract and 1 l of 12CA5 monoclonal antibody LEU2 gene as a selectable marker, ars1 sequences, and the adh (BabCo). regulatory region (Russell, 1983) . pALT2 was derived from pART3 by oligonucleotide-directed mutagenesis to obtain HA1 sequences Cytology fused to the adh promoter. Target genes flanked by NdeI and BamHI
Photomicrographs of live cells were obtained using a Nikon Optirestriction recognition sites can be fused in-frame to the HA1 epitope phot-2. For visualization of nuclei, cells of the indicated strains were tag. pALT4 is identical to pALT2 except that HA1 sequences are stained with DAPI (Sigma) as described (Alfa et al., 1993) . flanked by NcoI and BamHI sites. pALT10 is essentially identical to pALT4 except that it contains URA4 (Grimm et al., 1988) as a selectable marker in place of LEU2. pALT10(arsϪ) was derived from
